We propose a rapid prototyping method for the fabrication of optical waveguides based on the direct laserprinting method of ultrafast Laser-Induced Forward Transfer (LIFT) followed by further processing. The method was implemented for the fabrication of titanium in-diffused lithium niobate channel waveguides and X-couplers by LIFT-depositing titanium metal followed by diffusion. Propagation loss as low as 0.8 dB/cm was measured in preliminary experiments.
Introduction
A popular method for the fabrication of optical waveguide circuits in materials such as lithium niobate (LN) is by spatially selective deposition of titanium metal followed by thermal diffusion. This fabrication method is ideally compatible with current wafer-scale parallel techniques used by the microelectronics industry, such as photolithographic patterning and lift-off, which is of course excellent for mass production of devices.
However, these parallel techniques are somewhat inflexible in the device development stage where a fast production turnover of fundamentally different devices is required for C.L. Sones · K.S. Kaur · D.P. Banks · Y.J. Ying · R.W. Eason · S. Mailis ( ) Optoelectronics Research Centre, University of Southampton, Southampton, SO17 1BJ, UK e-mail: sm@orc.soton.ac.uk Fax: +44-23-80593141 P. Ganguly Advanced Technology Development Centre, Indian Institute of Technology, Kharagpur, 721302, India conceptual testing. This creates a niche for simple prototyping production methods which are flexible enough to allow for rapid fabrication of good quality devices, particularly at the experimental one-off level.
LIFT is a rapid prototyping method which was first proposed by Bohandy et al. [1] and has since been utilized for the deposition of a variety of metals, semiconductors, superconductors, dielectrics, and biomaterials on a wide range of substrates [2] [3] [4] [5] . The simple, non-stringent laboratoryenvironment based operational conditions for LIFT together with its single-step pattern-definition and material-transfer ability offer some significant experimental advantages inherently available by its usage. Additionally, this approach has some unique capabilities such as patterning of non-planar substrates [6], 3-d printing or stacking of dissimilar materials [7] , and even the possibility of transfer of single-crystal materials with desired orientations. However, the pulsed nature and the quality of LIFT deposition are inhibiting factors for the direct deposition of superior quality waveguide layers.
In this paper, we propose the use of LIFT for the spatially selective deposition of materials onto optical substrates which can produce optical waveguides by further processing, e.g. thermal diffusion. Such a method will combine the flexibility of direct waveguide writing methods, which are suitable for rapid prototyping, with the large refractive index, longevity, and low propagation loss which is associated with conventional waveguide fabrication methods such as metal diffusion.
The use of a pulsed deposition method such as LIFT allows for further control over the optical waveguide structure by enabling the fabrication of higher refractive index segments the spatial distribution of which determines the average refractive index along the optical waveguide. By varying the spatial distribution of the segments (i.e. the separa-tion between adjacent segments), it is possible to change the average refractive index along the optical waveguide. The impact of the segmentation on the waveguide propagation is demonstrated in some of the experimental results which are presented here.
Other advantages of this method include the ability to deposit more than one material or composite materials during a single deposition session and also the deposition of diffusion sources on non-planar (for example already microstructured) surfaces for the fabrication of rib waveguides which is challenging for conventional photolithographic methods.
Herein, we present our preliminary, proof-of-principle, results which demonstrate the feasibility of using a LIFT based material printing methodology in conjunction with high temperature post-processing for rapid prototyping of Ti-indiffused waveguides in LN [8, 9] . LN has a distinctive combination of inherent physical properties and is used in a diverse range of applications [10] and has consequently been the work-horse of the optoelectronics industry for switching applications and nonlinear frequency generation.
Experiments and results
The first step for the fabrication of channel optical waveguides in LN requires the spatially selective deposition of titanium metal onto LN substrates using ultrafast LIFT. The carrier-donor-substrate complex rests on a set of 2D translation stage and can be scanned with respect to the focussed or de-magnified incident beam. As illustrated in the schematic shown in Fig. 1 , the transfer of the donor material (in this case Ti) onto the substrate, referred to as the receiver, is achieved on a pixel-by-pixel basis by scanning the donorreceiver assembly in front of a focussed pulsed laser source, resulting in a dot-matrix-like printing of individual donormaterial pixels that are detached from the carrier and printed on the receiver. In the case for Ti printing here, melting of the donor occurs and a molten droplet is ejected onto the receiver. The dimension of the deposited droplet is similar to the dimensions of the incident laser spot. The melting and super-heating of the metal vapour trapped between the carrier and the donor film provides the required driving force to forward transfer the rest of the donor material, within the interaction volume, onto the receiver substrate. The laser system used to transfer the Ti-metal deposits was a fs laser operating at 800 nm, with a pulse duration of 130 fs and a repetition rate that could be tuned from single shot to 1 kHz. It is however, the high repetition rate of this laser source rather than the pulse width that made it suitable for the demonstration of this rapid prototyping method. The titanium donor film with a thickness of ∼150 nm had been previously deposited onto a transparent (borosilicate glass) carrier substrate via e-beam evaporation. Ti-metal line patterns were printed on the −z faces of congruent undoped z-cut LN samples along the crystallographic y-directions. Several linear arrays of Ti metal pixels were deposited using different conditions for the intensity (or fluence) of the incident laser pulse and the separation between the centre of adjacent pixels which could be controlled by adjusting either the laser repetition rate or the scan speed. The separation of the centres of adjacent pixels varied from 5 µm (overlapping) to 20 µm (completely separated) while the laser fluence at the carrier/donor interface was in the range of 0.4-1.2 J/cm 2 .
The deposited metal pixels were approximately circular in shape and had a diameter of ∼10-15 µm. The holes which were created by missing metal on the carrier substrate (which correspond to the illuminating spot size) matched the size of the deposited metal dots as expected for deposits of this size. The distance between the donor-carrier composite and the receiver was maintained at less than 1 µm.
These variations of the writing parameters were aimed at identifying the optimum conditions for LIFT of Ti-metal onto the LN substrates under the reasonable assumption that there is a direct relationship between the metal deposition characteristics and the final optical waveguide mode profiles following the in-diffusion step. The metal line-patterns were successively in-diffused into the LN substrates by heating the LN substrates to a temperature of 1050°C in an O 2 environment for 10 hours.
A typical example of the deposited linear arrays of titanium pixels is shown in the optical microscope image of Fig. 2(a) . The separation of the adjacent metal deposits in Fig. 2(a) has been varied from a slight overlap (top line) to complete separation (bottom line) by changing the scanning speed. The same area of the sample after the diffusion process is shown in the optical microscope image of
